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Abstract
Stress factors, such as osmotic stress and genotoxic agents, activate stress kinases, whereas growth factors preferentially
stimulate the structurally homologous mitogen-activated protein kinases, ERK1/2. Hyperosmolarity also has insulin-
mimicking action as reflected by ERK1/2 activation and by the stimulation of glucose uptake in adipocytes. We examined to
what extent hyperosmolarity activates components of the insulin receptor (IR) signalling pathway. CHO cells expressing the
human IR were treated with 500 mM NaCl or 700 mM sorbitol and the activation of insulin signalling intermediates was
studied. Hyperosmolarity induced tyrosine phosphorylation of the IR L-subunit, and the adaptor proteins p52-Shc, p66-Shc,
and IRS1. Furthermore, the stress kinases JNK and p38 were activated. When CHO cells were transfected with a kinase-dead
IR (K1030R) mutant, hyperosmolarity did not induce tyrosine phosphorylation of the IR, indicating that hyperosmolarity
induced IR autophosphorylation directly, rather than inducing phosphorylation by an exogenous tyrosine kinase. A partially
purified and detergent-solubilized IR was not phosphorylated in response to hyperosmolarity, suggesting that
hyperosmolarity activates the receptor only when present in the plasma membrane. In cells stably expressing the kinase-
dead IR, IRS1 and Shc Tyr phosphorylation was abrogated, indicating that the hyperosmolarity signalling was dependent on
an active IR tyrosine kinase. In contrast, the stress kinases p38 and JNK were normally activated by hyperosmolarity in the
IR-K1030R mutant. We conclude that, at least in CHO cells, hyperosmolarity signals partially through IR autophos-
phorylation and subsequent activation of the IR downstream targets. This may be responsible for some of the insulin-
mimicking effects of hyperosmolarity. The activation of stress kinases by hyperosmolarity occurs independent of the
IR. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
The insulin receptor (IR) is a member of the re-
ceptor tyrosine kinase family. When insulin binds to
the extracellular K-subunit, the IR tyrosine kinase
autophosphorylates on multiple intracellular tyrosine
residues of the L-subunit. The phosphotyrosines of
the IR can serve as docking sites for Phosphotyro-
sine binding (PTB)-domains in proteins. The IR can
subsequently phosphorylate several of these interact-
ing proteins on tyrosines, including Shc (Src-homol-
ogous collagen) and insulin receptor substrates,
IRS1^4 [1^3]. Phosphorylated Shc recruits the
Grb2/SOS protein complex to the plasma membrane,
where SOS activates Ras. Subsequently, Ras-GTP
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activates the Raf^MEK^ERK pathway, contributing
to the mitogenic response [4]. Tyrosine-phosphorylat-
ed IRS proteins bind several signalling molecules,
including phosphatidyl inositol 3P-kinase (PI3K)
that is essential for the metabolic actions of insu-
lin, such as glucose uptake and glycogen synthesis
[5].
Hyperosmotic-stress responses interact with the in-
sulin signalling pathways at several levels. Both in-
sulin and hyperosmolarity lead to activation of ERK
[6] and induction of phosphorylation of the p52 and
p66 Shc-proteins [6], Gab-1 [7], and of a still uniden-
ti¢ed 68 kDa RNA binding protein [8]. Like insulin,
hyperosmolarity also enhances glucose uptake in
3T3-L1 adipocytes by stimulating translocation of
the glucose transporter GLUT4 from an intracellular
compartment to the plasma membrane by a mecha-
nism that requires phosphotyrosines and the synap-
tobrevin-like docking protein VAMP4 [9]. However,
the PI3K inhibitor wortmannin only partially blocks
hyperosmolarity-induced GLUT4 translocation,
whereas insulin-induced responses are completely ab-
rogated [9,10,7]. This indicates that some of the in-
sulin-mimicking e¡ects of hyperosmolarity are, at
least in part, exerted via distinct pathways.
Like other stress stimuli and unlike insulin, hyper-
osmolarity also is a potent activator of stress-acti-
vated protein kinases (SAPK). These kinases show
sequence-homology to the mitogen-activated protein
kinases (MAPK), but couple to distinct transcription
factors [11]. In the yeast Saccharomyces cerevisiae the
Hog1 pathway, homologous to the mammalian p38/
SAPK2 pathway, functions in hyperosmotic stress
signalling [12]. It is activated by two sensor systems
for hyperosmolarity: the ‘two-component system’ of
SLN1-YPD1-SSK1 [13], and the Sho1 osmosensor
protein [14]. Although homologous mammalian sen-
sors for hyperosmolarity have not been identi¢ed,
hyperosmolarity does activate the Hog1-like p38
pathway in mammalian cells [15].
Another stress kinase that is activated by hyper-
osmolarity is the c-Jun amino-terminal protein ki-
nase (JNK), which is also sensitive to ultraviolet
(UV) light, oxidative stress, sodium arsenite, and al-
kylating agents. In the case of hyperosmolarity and
UV light in HeLa cells, JNK activation can be ef-
fected through combined activation of several cell
surface receptors, including the epidermal growth
factor receptor [16,17]. Besides, activation of the
non-receptor tyrosine kinase Src is an early and im-
portant step for UV-induced activation of this path-
way [18]. In rat ¢broblasts, JNK activation by os-
motic stress is not dependent of Ras activation, but it
is sensitive to down-regulation of protein kinase C
[19]. Thus, growth factor receptors, tyrosine kinases
and their e¡ectors may be involved in conducting
hyperosmolarity-induced stress responses.
In the present study, we show that hyperosmolar-
ity directly activates the IR tyrosine kinase, which
results in activation of the receptor’s direct down-
stream targets. This receptor activation may lead to
several of the insulin-mimicking e¡ects of hyperos-
molarity. The role of the IR in propagating hyper-
osmolarity-induced signalling is evaluated.
2. Materials and methods
2.1. Chemicals
Insulin, bovine serum albumin and the protease
inhibitor cocktail Complete were obtained from
Boehringer Mannheim; Protein A-Sepharose 6MB
beads from Pharmacia Biotech. MMS (methylmeth-
anesulphonate; Sigma, St. Louis, MO) was used
from a 1-M stock-solution in water-free DMSO.
Sample bu¡er, sodium dodecyl sulfate^polyacryl-
amide gel electrophoresis (SDS^PAGE) and blotting
bu¡er were made according to Sambrook et al. [20] ;
Western blots were performed on PVDF membranes
(Millipore Corp.).
2.2. Antibodies
Mouse monoclonal antibodies used were: anti-IRL
(44^18, used for immunoprecipitation; generously
given by Dr. K. Siddle, Cambridge University, UK)
and HRP-conjugated anti-phosphotyrosine (PY20-
HRP and PY99-HRP, Santa Cruz Biotechnology).
The rabbit antibodies used were: anti-IRS1 (#5
and #6, [21]) and anti-IRL (Transduction Laborato-
ries); anti-ERK1,2 (#SC-94), anti-JNK1 (#SC-571),
and anti-p38 (#SC-728) (Santa Cruz Biotechnology);
anti-phospho-Thr202/Tyr204-ERK and anti-phos-
pho-Thr180/Tyr182 p38 (Cell Signalling Technol-
ogy); anti-phospho-Thr183/Tyr185-JNK (Promega).
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For Western blots the primary antibodies were
used in a 1:1000 dilution, followed by HRP-conju-
gated goat anti-rabbit IgG (Promega) in a 1:5000
dilution.
2.3. Cell culture
Chinese hamster ovary cells (CHO9) that stably
expressed V1.6U106 human insulin receptors per
cell (CHO-IR800; selected on 800 nM methotrexate),
or the human EGF receptor (V3U104 EGFR per
cell), and NIH3T3 cells expressing V7U105 human
insulin receptors per cell (A14 cells) were described
previously [22^24]. CHO cells expressing 1.0U106
mutant human IRs per cell (with the K1030R muta-
tion) were constructed in this study. Cells were
grown in Dulbecco’s modi¢ed Eagle’s medium
(DMEM) with 9% foetal bovine serum (Gibco
BRL) and penicillin/streptomycin in a 5% CO2 incu-
bator at 37‡C.
2.4. Cell treatment
Cells were stimulated with insulin (1037 M, 15
min), NaCl (0.5 M, 30 min), sorbitol (0.7 M, 30
min) and sodium arsenite (0.5 mM, 30 min) or
MMS (1 mM, 120 min), unless indicated otherwise.
After stimulation, cells were immediately washed
twice with ice-cold phosphate-bu¡ered saline (PBS)
and lysed in cold RIPA (30 mM Tris^HCl (pH 7.4),
150 mM NaCl, 0.5% Triton X-100, 0.5% Na-deoxy-
cholate, 1 mM EDTA, 0.5 mM Na3VO4, 5 mM
NaF, and protease inhibitors). The lysates were
cleared by 15 min centrifugation at 14 000Ug and
4‡C; the supernatants were used for either immuno-
precipitations or Western blotting.
2.5. Immunoprecipitations
Cleared RIPA cell-lysates were tumbled overnight
at 4‡C with 10 Wl Protein A-Sepharose beads and 5^
10 Wl antiserum. The beads were washed four times
with ice-cold RIPA, and subsequently boiled in 40 Wl
SDS sample bu¡er for 3 min and used for Western
blotting.
2.6. DNA techniques
All DNA methods were adopted from Sambrook
et al. [20]. The IR-K1030R mutation was made by
site directed mutagenesis of pEV-IR (SV40HIR-WT)
[25], using internal primers: 5P-GGCGGTGAGGA-
CGGTCAACG-3P and 5P-GACCGTCCTCACCGC-
CACGC-3P. Constructs were checked by double-
stranded DNA sequencing.
2.7. Transfections
Approximately 25% con£uent 6-cm dishes of
CHO9 cells were transfected with 2 Wg vector DNA
and 14 Wl Lipofectamine (Life Technologies) for 5^6
h in serum-free medium. Transient transfections were
stimulated and harvested after 72 h, at near con£u-
ence. For stable transfections, cells were transferred
after 48 h to 10-cm dishes with medium containing
600 Wg/ml G-418, and resistant clones were analysed
for IR expression.
2.8. Isolation of glycoproteins
Glycoprotein fractions were isolated according to
Maassen et al. [26]. Brie£y, CHO-IR800 cells were
grown to sub-con£uence, washed with PBS, and
lysed in 50 mM Tris^HCl (pH 7.6), 0.1% Triton X-
100, 10 mM MgCl2, 1 mM L-mercaptoethanol and
protease inhibitors. Cell lysates were cleared by 10
min centrifugation at 4000Ug and the supernatants
were bound overnight at 4‡C to wheat-germ aggluti-
nin-Sepharose. Then, the Sepharose beads were
washed with 20 mM Tris^HCl (pH 7.5), 1% Triton
X-100, packed into a column, and eluted with the
same bu¡er containing 0.3 M N-acetyl glucosamine.
Eluates were supplemented with bovine serum albu-
min (1 mg/ml) and either used directly, or frozen to
380‡C. Glycoprotein fractions were incubated for 10
min at 22‡C with added MnCl2 (5 mM ¢nal concen-
tration) and 25 WM ATP, in the presence or absence
of stimulating agents. The kinase reaction was
stopped by adding SDS sample bu¡er. Protein phos-
phorylation was analysed on Western blot with anti-
phosphotyrosine antibodies.
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3. Results
3.1. Hyperosmolarity induces activation of the
insulin receptor in intact cells
To examine whether hyperosmolarity activates
components of the insulin signalling pathway, we
incubated CHO cells expressing the human insulin
receptor (CHO-IR800) with insulin or high osmolar-
ities of NaCl or sorbitol. Changes in tyrosine phos-
phorylation of proteins were analysed by Western
blotting with phosphotyrosine antibodies. Fig. 1
shows that both NaCl and sorbitol induced a pattern
of tyrosine phosphorylation which is, in part, similar
to that induced by insulin, e.g., induction of tyrosine
phosphorylation of a V95 kDa and of a V185 kDa
protein. Unlike insulin, NaCl and sorbitol also in-
duced other phosphoproteins with molecular masses
of 68 and 60 kDa, respectively (Fig. 1). Other in-
ducers of cellular stress, like methyl methane sul-
phonate (MMS) or sodium arsenite had no e¡ect
on the phosphorylation of p95 and p185 (Fig. 1;
M. Bazuine and D.M. Ouwens, unpublished results),
whereas these compounds were capable of activating
the stress kinases JNK and p38 (Fig. 7) [27,28].
To test whether the 95 kDa protein is the L-chain
Fig. 2. Concentration and time dependence of hyperosmolarity-induced tyrosine phosphorylation of the insulin receptor. CHO-IR800
cells were stimulated as indicated and cell lysates were immunoprecipitated with anti-IR followed by Western blotting with anti-phos-
photyrosine. (A) Cells were stimulated for 30 min with di¡erent concentrations of NaCl, or sorbitol (SOR). (B) Cells were stimulated
for di¡erent periods of time with 0.5 M NaCl or 1037 M insulin. Equal loading of IR on the blots was veri¢ed by stripping the blots
and reprobing them with anti-IR antibodies (data not shown). The Western blots shown are representative of at least three independ-
ent experiments.
Fig. 1. Tyrosine phosphorylation after stimulation with insulin,
osmotic shock, or methyl methanesulphonate. CHO-IR800 cells
were stimulated with or without 100 nM insulin (15 min), 0.5
M NaCl (30 min), 0.7 M sorbitol (30 min), or 1 mM methyl
methanesulphonate (2 h). Whole cell lysates were analysed on
Western blot with anti-phosphotyrosine antibodies. The West-
ern blot shown is representative of at least three independent
experiments.
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of the insulin receptor, anti-IR immunoprecipitates
from insulin and hyperosmolarity-stimulated cells
were analysed with anti-phosphotyrosine antibodies.
Fig. 2A shows that concentrations as low as 400 mM
NaCl or 500 mM sorbitol markedly induced the ty-
rosine phosphorylation of the insulin receptor L-
chain, whereas MMS and sodium arsenite had no
e¡ect on the phosphorylation of the IR (data not
shown). The tyrosine phosphorylation of the IR, in-
duced by 500 mM NaCl, was detectable within 2
min, and reached a maximal level upon 30 min of
NaCl exposure (Fig. 2B). In contrast, insulin-stimu-
lated IR phosphorylation reached maximal levels
after 5 min exposure to insulin (Fig. 2B). Thus, the
hyperosmolarity-induced 95 kDa protein is the insu-
lin receptor L-chain.
To investigate whether hyperosmolarity directly
activates the IR by receptor autophosphorylation,
the IR was partially puri¢ed from cell lysates by
wheat germ lectin chromatography and exposed to
insulin or high salt. As shown in Fig. 3, insulin, but
not hyperosmolarity, induced phosphorylation of the
IR in vitro, as analysed by Western blotting with
anti-phosphotyrosine antibodies. The e¡ect of insulin
to stimulate IR phosphorylation in vitro was similar
in the presence and absence of high salt (Fig. 3),
thereby excluding the possibility that exposure of
the IR kinase domain to high salt concentrations
interfered with its activation. Thus, unlike insulin,
hyperosmolarity cannot phosphorylate the IR in iso-
lated glycoprotein fractions.
The ¢nding that hyperosmolarity only phosphory-
lates the IR in intact cells raises the possibility that
hyperosmolarity may trigger the activation of a sub-
set of kinases, such as non-receptor tyrosine kinases,
which in turn can induce the tyrosine phosphoryla-
tion of the IR. Alternatively, the IR may be activated
by hyperosmolarity only when incorporated in the
plasma membrane. To distinguish between these pos-
sibilities, CHO cells overexpressing a mutant IR, in
which Lysine-1030 within the ATP binding domain
was mutated to arginine (K1030R), were exposed to
insulin or hyperosmolarity. This IR-K1030R mutant
has no intrinsic kinase activity, but still contains all
tyrosine autophosphorylation sites. Fig. 4 shows
that, in contrast to the wild-type IR, the K1030R
mutant does not undergo Tyr phosphorylation in
response to insulin or hyperosmolarity, as deter-
mined by anti-phosphotyrosine Western blotting of
IR-immunoprecipitates. These data indicate that hy-
perosmolarity directly induces autophosphorylation
of the IR, and that this response requires the pres-
ence of the IR within the plasma membrane of a cell.
3.2. Hyperosmolarity induces the tyrosine
phosphorylation of IRS1 and Shc
As described above, we observed the tyrosine
phosphorylation of a 185 kDa protein by insulin
and hyperosmolarity, but not by sodium arsenite or
MMS. We have identi¢ed this protein as IRS1 by
Fig. 4. Comparison between WT- and kinase-de¢cient insulin
receptor phosphorylation by hyperosmotic shock. CHO cells
were transiently transfected with either wild-type (WT) or the
kinase-dead mutant (K1030R) IR (K/R) and stimulated with
1037 M insulin or 0.5 M NaCl. Immunoprecipitated IR was as-
sayed for phosphorylation on Western blot with anti-phospho-
tyrosine antibodies. Equal expression of transfected IR was
shown by probing with anti-IR on the stripped blot. The West-
ern blots shown are representative of at least three independent
experiments.
Fig. 3. Insulin receptor phosphorylation in isolated glycoprotein
fractions. Glycoprotein fractions of CHO-IR800 cells were iso-
lated by wheat-germ agglutinin a⁄nity chromatography and in-
cubated for 10 min with or without 1037 M insulin and/or 0.5
M NaCl. Tyrosine phosphorylation of the insulin receptor was
analysed on Western blot with anti-phosphotyrosine antibodies.
Equal loading was veri¢ed by re-probing the blot with anti-IR
(data not shown). The Western blot shown is representative of
two independent experiments.
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immunoprecipitation with IRS1 antibodies followed
by Western blotting with anti-phosphotyrosine anti-
bodies (Fig. 5). Like insulin, the hyperosmolarity-in-
duced tyrosine phosphorylation of IRS1 was accom-
panied by the binding of the catalytic p110 and the
regulatory p85 subunits of phosphatidylinositol 3Pki-
nase. In contrast, CHO cells stably expressing the
K1030R-IR mutant showed no tyrosine phosphory-
lation of IRS1 in response to insulin or hyperosmo-
larity (Fig. 6), indicating that hyperosmolarity-in-
duced tyrosine phosphorylation of IRS1 is directly
mediated by the insulin receptor. Remarkably, hy-
perosmolarity apparently induced serine/threonine
phosphorylation of IRS1 in the CHO-IR-K1030R
cells, as re£ected by a mobility shift on SDS^
PAGE (Fig. 6, IRS1 blot).
Similarly to IRS1, we have also examined the ef-
fects of hyperosmolarity on Shc phosphorylation.
Fig. 5 shows that both insulin and hyperosmolarity,
but not arsenite or MMS, stimulate the phosphory-
lation of the p52 and p66 Shc isoforms as determined
by analysis of Shc immunoprecipitates by anti-phos-
photyrosine Western blotting. Like IRS1 phosphor-
ylation, Shc phosphorylation could not be induced
by insulin and hyperosmolarity in CHO-IR-
K1030R cells (Fig. 6).
Therefore, we conclude from these data that hy-
perosmolarity stimulates the tyrosine phosphoryla-
tion of at least two substrates of the insulin receptor,
i.e., IRS1 and Shc. In addition, we found that the
induction of IRS1 and Shc phosphorylation is depen-
dent on activation of the IR.
Fig. 6. Involvement of the insulin receptor tyrosine kinase in hyperosmotic signaling. CHO cells stably expressing the wild-type
(IR800) or the kinase-dead mutant IR (K1030R) (K/R) were stimulated with 1037 M insulin (15 min) or 0.5 M NaCl (30 min), lysed
and immunoprecipitated with anti-IRS1 or anti-Shc antibodies. Tyrosine phosphorylation was examined on Western blot with anti-
phosphotyrosine antibodies. Co-immunoprecipitation of the p85 and p110 subunits of PI3K with IRS1 was also examined. The blots
were stripped and reprobed for equal loading. Note that phosphorylated IRS1 is less well recognized on Western blot by anti-IRS1
antiserum than unphosphorylated protein. The Western blots shown are representative of at least three independent experiments in
which two distinct clonal cell lines expressing the kinase-dead mutant IR were used.
Fig. 5. Activation of post-insulin receptor signaling intermedi-
ates by hyperosmolarity. CHO-IR800 cells were stimulated with
1037 M insulin (15 min), 0.5 M NaCl (30 min), 0.7 M sorbitol
(30 min), 0.5 mM sodium arsenite (30 min), or 1 mM MMS
(2 h), lysed and immunoprecipitated with anti-IRS1, or anti-Shc
antibodies. Tyrosine phosphorylation of the proteins was exam-
ined on Western blots with anti-phosphotyrosine antibodies.
Equal loading was veri¢ed by stripping the blots and reprobing
them with anti-IRS1 or anti-Shc, respectively (data not shown).
The Western blots shown are representative of at least three in-
dependent experiments.
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3.3. Hyperosmolarity activates ERK1/2 and the
stress kinases JNK and p38
Since hyperosmolarity exerts its e¡ects, at least in
part, through components of the insulin receptor sig-
nalling pathway, the possibility arises that hyperos-
molarity also activates the ERK kinases through the
IR. Indeed, hyperosmolarity induced the phosphory-
lation of ERK in CHO-IR800 cells (Fig. 7). How-
ever, hyperosmolarity also induces ERK1/2 activa-
tion in CHO-IR-K1030R cells (Fig. 7). indicating
that hyperosmolarity can activate ERK by an alter-
native, IR-independent pathway (see Section 4).
Hyperosmolarity and MMS also strongly stimu-
lated JNK and p38 phosphorylation, whereas insulin
was a very weak stimulator for phosphorylation of
these proteins (Fig. 7). Furthermore, JNK and p38
phosphorylation occurred normally in the CHO-IR-
K1030R cells in response to hyperosmolarity, show-
ing that this response to hyperosmolarity is inde-
pendent of the IR tyrosine kinase (Fig. 7).
4. Discussion
Cellular stresses, such as the genotoxic agent
MMS, arsenite, hypoxia and anisomycin, are potent
activators of the stress kinases, but poor activators of
the mitogen-activated protein kinases, ERK1/2. In
some cell types, stresses like hyperosmotic stimuli,
UV and oxidants, can activate ERK1/2, similar to
most growth factors. Furthermore, a number of
stressful conditions, including hyperosmolarity,
were found to stimulate glucose uptake in adipo-
cytes, a response characteristic for insulin. Therefore,
we questioned to what extent hyperosmolarity acti-
vates components of the insulin receptor signalling
pathway.
Like insulin, hyperosmotic stimulation by NaCl or
sorbitol was found to induce Tyr phosphorylation of
the insulin receptor and its downstream targets p52-
Shc, p66-Shc and IRS1. In addition, we observed
that NaCl and sorbitol, but not insulin, induced
the tyrosine phosphorylation of a 68 and a 60 kDa
protein, respectively. Tyrosine phosphorylation of
proteins in this molecular mass range in response
to sorbitol has been described previously [8], but as
yet their identity remains unclear.
Here, we have examined the role of the insulin
receptor tyrosine kinase in the hyperosmolarity-in-
duced activation of the insulin receptor itself and
of its substrates IRS-1 and Shc. Phosphorylation of
the IR was dependent on the receptor’s intrinsic ty-
rosine kinase activity, since the mutant IR-K1030R,
lacking tyrosine kinase activity, was not phosphory-
lated in response to hyperosmolarity. Experiments
involving tryptic-peptide analysis of [32P]orthophos-
phate-labelled IR showed a similar phosphorylation
pattern for insulin- and hyperosmolarity-stimulated
IRs, suggesting a similar overall phosphorylation
Fig. 7. Comparison of the activation of ERK1/2, p38 and JNK by insulin and hyperosmolarity. CHO cells stably expressing the wild-
type (IR800) or the kinase-dead mutant IR (K1030R) were stimulated with insulin (15 min; 10 nM), NaCl (30 min; 500 mM), sorbi-
tol (SOR; 30 min; 700 mM), or MMS (2 h, 1 mM) and the activation of MAP- and stress kinases was assayed on Western blots
with antibodies speci¢cally against phospho-ERK, phospho-JNK, or phospho-p38. Equal loading was veri¢ed by stripping the blots
and reprobing them with general anti-ERK, anti-JNK or anti-p38 antibodies (data not shown).The Western blots shown are represen-
tative of at least three independent experiments in which two distinct clonal cell lines expressing the kinase-dead mutant IR were
used.
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by both stimuli (D. Telting, D.S. Gomes de Mesqui-
ta, unpublished results). However, unlike insulin,
high concentrations of NaCl did not activate the
IR in isolated glycoprotein fractions. This ¢nding
suggests that insertion of the IR into the plasma
membrane is necessary for hyperosmolarity-induced
receptor activation. Thus, both insulin and hyperos-
molarity induce receptor autophosphorylation, but
not through identical mechanisms. The mechanism
by which hyperosmolarity induces receptor activa-
tion is unknown, but may involve conformational
changes in the extracellular part relative to the cyto-
solic tail, possibly related to cell shrinkage. This
mechanism does not seem unique for the IR, since
the EGF-receptor also undergoes tyrosine phosphor-
ylation upon hyperosmotic stimulation in Hela cells
[16], and CHO cells overexpressing the EGFR ([22];
J.S. Dekker, D.S. Gomes de Mesquita, unpublished
results). Thus, hyperosmolarity may be a more gen-
eral stimulus for the activation of receptor tyrosine
kinases.
The degree of insulin receptor activation by hyper-
osmolarity appears to depend on the number of in-
sulin receptors expressed per cell. Hyperosmolarity
only slightly phosphorylated the insulin receptor in
A14 cells (expressing 7U105 IR per cell ; [24]), and
was unable to induce this response in CHO100 cells
(expressing 1U105 IR per cell ; [24]) (data not
shown). Also in 3T3L1 adipocytes, that express
1U105 IR per cell, hyperosmolarity failed to induce
detectable IR and IRS1 phosphorylation despite the
stimulation of 2-DOG uptake by hyperosmolarity
(M. Bazuine, D.M. Ouwens, unpublished results).
A few stresses, such as ultraviolet radiation (UV)
and oxidants, also activated receptor tyrosine kinases
in a ligand-independent manner. UV may directly
cross-link two receptors and thereby stably dimerize
and activate them [17]. On the other hand, both UV
and oxidants have been suggested to impair receptor
Tyr-dephosphorylation, rather than enhancing recep-
tor Tyr phosphorylation [29]. All stress stimuli that
activated receptor tyrosine kinases also induce ERK
activation, and phosphorylation of downstream tran-
scription factors [30], suggesting that these stimuli
lead to full physiological responses of the receptors.
In CHO-IR800 cells, used in most of our experi-
ments, all the substrates of the insulin receptor tyro-
sine kinase that have been tested were phosphorylat-
ed by a hyperosmotic stimulus, although sometimes
with other kinetics than by insulin. For example,
hyperosmolarity was more potent in inducing IRS1
phosphorylation as compared to Shc phosphoryla-
tion. It is plausible these di¡erent kinetics are due
to a slower onset of hyperosmolarity-induced re-
sponses as compared to insulin. In this perspective,
it should be noted that the time-course of insulin-
stimulated IRS1 phosphorylation is rapid, whereas
the induction of Shc phosphorylation occurs rela-
tively slow [31].
The contribution of the IR kinase in propagating
hyperosmolarity signalling was addressed in CHO
cells stably expressing the kinase-dead mutant IR.
In these cells, IRS1 was not Tyr-phosphorylated,
but it still appeared to be serine/threonine-phosphor-
ylated in response to hyperosmolarity. This observa-
tion suggests that also other targets of hyperosmo-
larity are activated which are linked to the activation
of serine/threonine kinases.
Chen et al. [32] have shown in CHO/IR cells and
in 3T3-L1 adipocytes that ERK1/2 are activated in
response to hyperosmolarity. However, when they
transfected the cells with a dominant negative mu-
tant of Ras, hyperosmolarity still activated ERK,
whereas insulin-induced ERK activation was inhib-
ited. In agreement with this ¢nding, we observed that
hyperosmolarity-induced ERK activation took place
in CHO cells expressing a kinase-dead IR mutant.
One explanation is that hyperosmolarity also acti-
vates other receptor tyrosine kinases, such as the
EGF receptor, that can phosphorylate ERK via a
ras-dependent as well as via a ras-independent path-
way [33].
Two sensor systems for hyperosmolarity have been
found in yeast, but so far no homologous proteins
have been identi¢ed in mammalian cells [34]. Thus,
mammalian cells may apply a di¡erent way of sens-
ing hyperosmotic stress. Experiments in HeLa cells
showed that osmotic stress induces the activation of
the cell surface receptors for EGF, tumour necrosis
factor, and interleukin-1K [16]. Stimulation of these
three receptors in concert by their respective ligands,
but not stimulation of any receptor alone, activated
the stress kinase JNK as strongly as hyperosmotic
stress. Thus, growth factor receptors may function
in sensing hyperosmotic stress in mammalian cells.
Our results with CHO cells expressing a kinase-
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dead mutant IR showed, however, that the IR is not
involved or redundant for hyperosmolarity-induced
activation of the stress kinases JNK and p38, since
activation of the stress kinases occurred as strongly
as in CHO-IR800 cells.
In conclusion, hyperosmolarity activates the insu-
lin receptor and probably also other receptor tyro-
sine kinases, and their early downstream e¡ectors.
Thus, part of the cellular responses to hyperosmolar-
ity will be mediated by these pathways. Besides, hy-
perosmolarity induces the MAP kinase family mem-
bers JNK, p38, and ERK through IR-independent
mechanisms. Thus hyperosmolarity signals through
multiple pathways, but at least part of the insulin-
mimicking actions may be exerted through direct ac-
tivation of the insulin receptor.
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